The sectorisation of water supply networks (WSNs) includes the permanent closure of valves in order to achieve a cost-effective leakage management and simplify pressure control. The impact of networks sectorisation, also known as district metered areas (DMAs), on water quality and discolouration has not been extensively studied and it remains unknown. In addition, hydraulic variables used in the literature for assessing the likelihood of potential discolouration are limited and inconclusive. This paper investigates a methodology to evaluate the impact of networks sectorisation (DMAs) on water quality and the likelihood of discolouration incidents.
INTRODUCTION
Water supply networks (WSNs) are designed to satisfy customer demands and comply with water quality regulations at a minimum cost (Alperovits & Shamir UK water utilities are facing unprecedented operational challenges with the increasingly stringent level of water quality regulations, the introduction of ODIs (outcome delivery incentives) by the Water Regulator, Ofwat, which can result in substantial financial penalties or rewards, and also far-reaching reforms to their retail and wholesale operations that drive increased levels of competition. Therefore, further analytical and experimental research is required to investigate the impact of networks sectorisation on water quality and discolouration. The operation of sectorised networks can no longer be justified only on the basis of leakage management and reporting, and pressure and leakage reduction. This paper has two objectives: first, present a methodology and a set of surrogate hydraulic variables that can be used in assessing the overall water quality and likelihood of discolouration in sectorised WSNs; and second, apply the proposed methodology to an operational UK network in order to investigate the potential impact of networks sectorisation on the proposed surrogate hydraulic variables, and as a result, on the likelihood of discolouration and water quality deterioration.
METHODOLOGY
Surrogate hydraulic variables for the assessment of the likelihood of discolouration and water quality deterioration Various surrogate hydraulic variables, which impact the changes in water quality within WSNs and the accumulation of sediments and biofilms, have been defined from published literature and interviews with water network operators. In addition, a particular hydraulic condition was formulated and described as dead-end-like behaviour for a specific set of surrogate hydraulic variables. The dead-end-like behaviour is based on the analysis of hydraulic conditions in pipes with historic discolouration customer complaints in an operational WSN.
Case study network
The case study network for this investigation is a UK-based WSN that has been sectorised into DMAs ( 
Simulation of the hydraulic behaviour of pipes with historic discolouration complaints
The WSN had 792 customers' discolouration complaints between 2005 and 2013. Each discolouration complaint was associated with a neighbouring pipe based on a geospatial analysis, the hydraulic model and information from the discolouration complaint records (e.g., the customer address). The hydraulic conditions were simulated for a DMA-based network topology, which is the current setup.
The hydraulic model was validated based on 15-minute flow and pressure measurements for a period of 1 week as recommended by UK industry guidelines (Edwards et al. ) . The water age simulation was carried out for a period of 3 days to observe steady-state nodal water age. Historic changes in the network topology and operational controls were also reviewed to ensure that the hydraulic model represents reasonably well the system behaviour within the period of investigation, 2005-2013.
Hydraulic modelling of the case study for different network connectivity configurations
The hydraulic conditions for the case study were simulated for two network connectivity configurations, namely the sectorised (current DMAs) and aggregated (aggregated DMAs) network topologies. The validated hydraulic model was then used to investigate the likelihood for discolouration and overall water quality deterioration as a result of the network sectorisation. This was carried out by quantifying the variations in specifically defined surrogate hydraulic variables for the different network topologies.
The network sectorisation was carried out in the early 1990s and it has gone through various changes. As no information was available about the network topology prior to the initial sectorisation, an alternative WSN with aggregated DMAs was created by opening closed boundary valves associated with the network sectorisation. Minor changes were made to control rules to preserve the same boundary conditions for both network configurations. 
Surrogate hydraulic variables for evaluating the potential for discolouration
The discolouration potential in WSNs depends on the presence and accumulation of sediments and biofilms (the 'discolouration material') within pipes during typical diurnal hydraulic conditions, and the occurrence of random perturbations in the hydraulic conditions that impact the cohesive strength of the discolouration material. In this investigation, we assume that accumulation processes that depend on factors external to the sectors (DMAs), such as the supplied water quality, are equal for both network connectivity configurations, and the analysis focuses on the impact of the hydraulic conditions on accumulation processes. We have investigated physical, chemical and microbiological processes that contribute to the accumulation of discolouration material and classified the associated mechanisms into gravitational sedimentation, non-gravitational accumulation and biofilm and corrosion related (Armand et al. ) . We presume that the potential for the occurrence of discolouration in a pipe depends on the age of water entering the pipe, pipe residence time, pipe physical characteristics (material, age and diameter), and its diurnal flow profile (min, max and mean flow velocities). These factors depend on the networks connectivity layout and resulting pipe hydraulics.
Water age
The quality of water at a specific location can be represented by physical variables (e.g., temperature, colour/turbidity, taste and odour), chemical variables (e.g., pH, alkalinity, concentration of organic and inorganic substances) and microbiological variables (e.g., number of different types of microorganisms). Grab samples guarantee regulatory water quality compliance but these samples cannot be used to assess the discolouration potential and do not provide continuous assessment of the water quality under various hydraulic conditions. A simplified and commonly used approach is to model water age (residence time) as a surrogate indicator for water quality. Machell & Boxall () showed a correlation between the water age and the overall water quality performance for two networks by acquiring long-term measurements of 15 water quality variables. This study showed an increase in pH, temperature, conductivity, colour, HPC (heterotrophic plate count) and a decrease in chlorine concentration (free and combined) with water age.
While water age is a representative surrogate variable for the physical, chemical and microbiological quality of water, a universal water age threshold does not exist. Consequently, we have carried out an assessment of the distribution of nodal water age based on the mean water age from a 24-hour extended period simulation.
Residence time of flow-in-pipe and physical characteristics of pipes
The residence time of water-in-pipe represents the time that a finite volume of water spends within a pipe and this influences water age. A high residence time indicates low flow conditions that may increase the precipitation and uptake of iron in metal pipes due to corrosion and scale dissolution.
In an investigation to quantify the iron uptake, Mutoti et al.
() observed that the largest iron uptake occurs under laminar conditions. The iron uptake then decreases to a minimum for the laminar-turbulent transition, and it sub- Quantitative studies concerned with determining the strength of biofilms as a function of historic shear stress have been limited and related to steady-state flow behaviour.
Choi & Morgenroth () suggested that the immediately preceding 12 hour steady-state shear stress profile can determine the cleaning of biofilms during a subsequent flow increase. In the context of WSNs, and assuming that cleaning occurs during the peak demand, biofilms can be expected to be conditioned for 12 hours before cleaning.
Although this duration has not been validated for WSNs, the concept and use of a shear stress 'ratio' may be indicative, as previous studies of WSNs have shown, that a quasi-unsteady diurnal flow profile with a smaller peak flow was more successful in cleaning pipelines than a steady-state flow with a greater magnitude (Husband et al. 
Hydraulic characterisation of pipes with historic discolouration complaints
The analysis of the hydraulic conditions for historic discolouration complaints showed that these complaints were mainly from customers who receive water with relatively high water age (80% of the discolouration complaints).
Around 63% of the pipes associated with discolouration complaints have maximum diurnal flow velocities, which do not exceed 0.06 m/s. This low flow velocity facilitates the process of sedimentation, the formation of weakly adhered cohesive layers and the increase in iron uptake by the bulk water. In addition, nearly 18% of the pipes with historic discolouration complaints have a maximum diurnal flow velocity below the resuspension threshold of 0.2 m/s and minimum flow velocities below 0.06 m/s. These pipes could also experience sedimentation depending on the duration of minimum flow velocities. In this study, we define 'dead-end-like' pipes as pipes with hydraulic conditions characterised by high water age, a minimum diurnal velocity below the sedimentation threshold and a maximum diurnal velocity below the re-suspension threshold. The nodes associated with these pipes are defined as 'dead-end-like' nodes. These are pipes and nodes with a high likelihood of discolouration.
A summary of surrogate hydraulic variables and associated thresholds is presented in Table 1 .
RESULTS

Sectorised networks (DMA-based) versus
non-sectorised networks (non-DMA-based)
Water age
The results of the extensive hydraulic analysis for the selected case study show that the non-sectorised network topology decreases the number of nodes representing Figure 4 shows the distribution of water age in each of the current DMAs for nodes with non-dead-end-like behaviour for the two network configurations. By defining changes in water age equal or greater than 2 hours as significant for a hydraulic simulation of 96 hours, the median water age was reduced for 12 DMAs after opening the boundary valves. DMA 17 is not included in the plot because it comprises dead-end nodes which preserve their water age for both network configurations. The water age increased slightly for three DMAs and it stayed the same for seven DMAs. In addition to the box plots presented in Figure 4 , cumulative histograms were also analysed in order to compare the number of DMAs that operate within different water age bands (e.g., 0-5 hours, 0-10 hours, and so on) for the two network configurations and for the minimum, first quartile, median, third quartile and maximum water age.
The results are summarised in Table S1 (available with the online version of this paper). For all water age bands, with 
Flow velocity
The distribution of maximum diurnal velocities in each DMA for the sectorised and non-sectorised networks is shown in Figure 5 To assess the potential for biofilm cleaning, the ratios of max/min flow velocities and max/average flow velocities were analysed for each pipe. The resulting histograms are plotted in Figure 6 . Each bar represents the length of pipes associated with the specific ratio bin; for example, the second bar in Figure 6(a) represents the length of pipes associated with velocity ratios equal or greater than 1 and smaller than 1.5. Figure 6(a) demonstrates that the non-sectorised network has increased the number of pipes, which is represented as a total length, with max/min velocity ratios equal or greater than 1 and smaller than 3. However, it has reduced the number of pipes with ratios equal or greater than 3 and smaller than 20. The number of pipes for ratios greater than 20 has increased in the non-sectorised network;
these pipes, however, constitute a small proportion of all pipes. There are some pipes with negligible minimum diurnal velocities, and as a result, the max/min ratio becomes mathematically indefinable. The length of these pipes has increased from 62 km in the sectorised network to 75 km in the non-sectorised network. With regards to the number of pipes undergoing flow reversals, the results showed that 11% of pipe length (approximately 37 km) has experienced flow reversals in the non-sectorised (non-DMA) network, while the corresponding value for the sectorised (DMA) network was only 1% (approximately 3 km). This can be attributed to the increased redundancy in hydraulic connectivity. A summary of results to compare the water quality behaviour of both network configurations is given in Table 2 .
DISCUSSION
Water age
This investigation has demonstrated that the creation of sectors (DMAs) could result in a substantial increase in the average water age for a set of nodes (and customer connections) and the number of nodes with dead-end-like hydraulic behaviour. The increase in water age is consistent with the results of previous studies by UKWIR () and WRc () that simulated the impact of network sectorisation by creating four DMAs in an urban network. These studies, The location of nodes with the largest increase in water age was observed to be not only in proximity to closed boundary valves, as suggested by UKWIR (), but also further upstream throughout the network. This is illustrated in Figure 7 in the form of long dead-end stems (Figure 7(a) and 7(d)) and dead-end loops (Figure 7(b) and 7(c) ). This result highlights the importance of optimal valve placements with the careful consideration of water quality criteria in the design and optimisation methodology for network sectorisation. In addition, the random (non-systematic) distribution of dead-end-like conditions at locations further upstream of boundary valves, and within DMAs, highlights the importance of optimally simplifying hydraulic models when formulating optimisation problems for sectorising networks and including water quality related indicators as constraints.
Flow velocity
The results from the case study network show that a sec- which is near the self-cleaning threshold for plastic and AC pipes (1.2 Pa) (see Figure S1 , available with the online version of this paper). This result implies that the proposed self-cleaning threshold is rarely achieved under normal operating conditions in either of these network configurations.
Considering the impact of the hydraulic conditions between maximum flow velocities for 2 consecutive days (i.e., minimum and average velocities) and their impact on the strength of the accumulated materials, the potential for discolouration in each DMA is greater for the sectorised (DMA-based) network. The accumulated material is likely to have lower strength due to the lower diurnal minimum and diurnal average velocities throughout each DMA. However, an assessment of the likelihood of discolouration also depends on the max/min and max/average diurnal flow velocities ratios for each pipe.
The suggested shear stress ratio of 2.3 for effective biofilm cleaning is equal to a velocity ratio above 1.5 based on the Darcy-Weisbach equation. As shown in Figure 6 , the sectorised network is expected to have a higher cleaning capacity as more pipes experience max/min and max/average velocity ratios equal or greater than 1.5. To assess the potential for biofilm cleaning based on a threshold of shear stress of 2 N/m 2 , a distribution of the maximum diurnal shear stress within the system is shown in Figure S1 .
There are no pipes for both network configurations that experience such a high magnitude of shear stress. This demonstrates that carefully designed control strategies are required to optimally vary the hydraulic conditions in WSNs in order to increase the shear stress to a desired level. Further investigations about the impact of the hydraulic conditions between consecutive peak flows on the selfcleaning conditions and effective biofilm removal are needed.
It is acknowledged that the hydraulics of the system is a function of customer demands, and therefore the use of a diurnal demand profile with a temporal resolution of 15 min may not accurately represent the diurnal flow velocities and hydraulic conditions in pipes. The impact of network sectorisation on discolouration management under a finer temporal resolution of customer demand and capturing the dynamic hydraulic conditions will be the subject of a further study. In addition, the impact of DMA design parameters (e.g., location and number of boundary valves) and design objectives (e.g., leakage and/or pressure management) on water quality deterioration and the likelihood of discolouration remains a subject for further research.
CONCLUSIONS
WSNs must continuously and reliably deliver safe to drink potable water at a minimum cost. In recent years, the topology (connectivity) of WSNs has been actively modified in order to improve leakage and pressure management;
however, no detailed design considerations have been given to the impact on water quality. We have investigated how the sectorisation of networks could affect water quality and discolouration. This study is done with reference to This study has proposed a set of surrogate hydraulically based variables that can be used in the formulation of optimisation problems for redesigning current boundaries of sectors (DMAs). Furthermore, these variables could be used to inform novel DMA design and control methodologies, and to assess the overall water quality of a water supply system and the likelihood of discolouration.
